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(QHUJ\(IILFLHQW5HVLOLHQW2SWLFDO1HWZRUNV
&KDOOHQJHVDQG7UDGHRIIV
<DELQ<H)HOLSH-LPpQH]$UULEDV-DDIDU(OPLUJKDQL)LOLS,G]LNRZVNL-RUJH/ySH]9L]FDtQR
3DROR0RQWL)UDQFHVFR0XVXPHFL$FKLOOH3DWWDYLQD:DUG9DQ+HGGHJKHP

 +XDZHL7HFKQRORJLHV'XHVVHOGRUI*PE+0XQLFK*HUPDQ\
 7HOHIyQLFD,'0DGULG6SDLQ
 8QLYHUVLW\RI/HHGV/HHGV8.
 6DSLHQ]D8QLYHUVLW\RI5RPH5RPH,WDO\
 .7+5R\DO,QVWLWXWHRI7HFKQRORJ\.LVWD6ZHGHQ
 3ROLWHFQLFRGL0LODQR0LODQ,WDO\
 L0LQGV*KHQW%HOJLXP
$EVWUDFW
(QHUJ\HIILFLHQF\DQGUHVLOLHQF\DUHWZRZHOOHVWDEOLVKHGUHVHDUFKWRSLFVLQRSWLFDOWUDQVSRUWQHWZRUNV
2Q WKH RWKHU KDQG WKHLU RYHUDOO REMHFWLYHV LH SRZHU PLQLPL]DWLRQ DQG UHVRXUFH
XWLOL]DWLRQDYDLODELOLW\PD[LPL]DWLRQDUHLQFRQWUDVW,QIDFWSURYLVLRQLQJVFKHPHVRSWLPL]HGIRUEHVW
UHVLOLHQF\ SHUIRUPDQFH DUH LQ PRVW FDVHV QRW HQHUJ\HIILFLHQW LQ WKHLU RSHUDWLRQV DQG YLFH YHUVD
+RZHYHUYHU\IHZZRUNVLQWKHOLWHUDWXUHFRQVLGHUWKHLQWHUHVWLQJLVVXHVWKDWPD\DULVHZKHQHQHUJ\
HIILFLHQF\DQGUHVLOLHQF\DUHFRPELQHGLQWKHVDPHQHWZRUNLQJVROXWLRQ7KHREMHFWLYHRIWKLVSDSHULV
WR LGHQWLI\ D QXPEHU RI UHVHDUFK FKDOOHQJHV DQG WUDGHRIIV IRU WKH GHVLJQ RI HQHUJ\HIILFLHQW DQG
UHVLOLHQW RSWLFDO WUDQVSRUW QHWZRUNV IURP WKH SHUVSHFWLYH RI ORQJWHUP WUDIILF IRUHFDVWV VKRUWWHUP
WUDIILFG\QDPLFVDQG6HUYLFH/HYHO$JUHHPHQW 6/$UHTXLUHPHQWV:HVXSSRUW WKHFKDOOHQJHVZLWK
MXVWLI\LQJQXPEHUVEDVHGRQOHVVRQVOHDUQWIURPRXUSUHYLRXVZRUN7KHSDSHUDOVRGLVFXVVHVVXLWDEOH
PHWULFVIRUHQHUJ\HIILFLHQF\DQGUHVLOLHQF\HYDOXDWLRQLQDGGLWLRQWRDQXPEHURIVWHSVWKDWQHHGWREH
WDNHQ DW WKH VWDQGDUGL]DWLRQ OHYHO WR LQFRUSRUDWH HQHUJ\HIILFLHQF\ LQWR DOUHDG\ H[LVWLQJ DQG ZHOO
HVWDEOLVKHGSURWRFROV
 ,QWURGXFWLRQ
7UDIILFLQFRUHQHWZRUNVKDVEHHQJURZLQJDWD\HDUO\UDWHRIVLQFH>@7KHHYHULQFUHDVLQJ
WUDIILF OHYHOV KDYH IRUFHG RSHUDWRUV WR IRFXV RQ ZD\V WR LQFUHDVH WKH QHWZRUN FDSDFLW\ DFFRUGLQJO\
+RZHYHUVXFKDQLQFUHDVHLVH[SHFWHGWREULQJKLJKHUHQHUJ\FRQVXPSWLRQ7KHZRUOGZLGHHOHFWULFLW\
FRQVXPSWLRQRIFRPPXQLFDWLRQQHWZRUNVZDVHVWLPDWHGWREH7:KLQRUQHDUO\RIWKH
ZRUOGZLGH HOHFWULFLW\ FRQVXPSWLRQ VKRZLQJ DQ DYHUDJH DQQXDO JURZWK UDWH RI  VLQFH  >@
7KHUHIRUHHQHUJ\HIILFLHQF\LVEHFRPLQJRQHRIWKHNH\GHVLJQSDUDPHWHUVIRUSODQQLQJDQGRSHUDWLQJ
WRGD\¶V WHOHFRPPXQLFDWLRQ QHWZRUNV ,Q WKLV UHJDUGV RSWLFDO WUDQVSRUW VROXWLRQV PLJKW EH EHQHILFLDO
EHFDXVHWKH\UHGXFHWKHQXPEHURIRSWRHOHFWULFDORSWR2(2RSHUDWLRQVZKLFKDUHYHU\FRVWO\IURP
SRZHUFRQVXPSWLRQSRLQWRIYLHZ
$ FULWLFDO LVVXH ZKHQ GHDOLQJ ZLWK RSWLFDO WUDQVSRUW QHWZRUNV LV WKH DPRXQW RI WUDIILF WKDW FDQ EH
GLVUXSWHGE\DQHWZRUNIDXOWDQDVSHFWWKDWQHHGVWREHDGGUHVVHGSURSHUO\LIFHUWDLQ4XDOLW\RI6HUYLFH
4R6OHYHOVDUHWREHJXDUDQWHHGWRWKHHQGXVHU7KLVPDNHVLWQHFHVVDU\WRUHVHUYHVRPHUHGXQGDQW
UHVRXUFHV WR HQVXUH network resiliency LH WKH DELOLW\ RI WKH QHWZRUN WR SURYLGH DQG PDLQWDLQ DQ
DFFHSWDEOHOHYHORIVHUYLFHLQWKHIDFHRIGLIIHUHQWIDXOWV7KHVHUHGXQGDQWUHVRXUFHVDUHWKHQXVHGWRUH
URXWHWKHWUDIILFE\SDVVLQJWKHIDLOHGQHWZRUNHOHPHQWVRYHUWKHVRFDOOHGEDFNXSSDWKV
,QJHQHUDOUHVLOLHQWVFKHPHVFDQEHGLYLGHGLQWRWZRFDWHJRULHVrestorationRUprotection7KHLUPDLQ
GLIIHUHQFHOLHVLQWKHZD\WKH\FRPSXWHWKHEDFNXSSDWKV,QDrestorationDSSURDFKWKHEDFNXSSDWKV
DUHFRPSXWHG³RQWKHIO\´LHRQO\DIWHUDIDLOXUHRFFXUVZKLOHLQDprotectionDSSURDFKWKHEDFNXS
SDWKV DUH SUHFRPSXWHG ZLWK WKH EDFNXS UHVRXUFHV DOUHDG\ UHVHUYHG DQG UHDG\ WR EH XVHG LQ WKH
RFFXUUHQFHRIDIDLOXUH%RWKVFKHPHVKDYHWKHLUSURVDQGFRQV5HVWRUDWLRQDOORZVIRUDPRUHHIILFLHQW
XVH RI QHWZRUN UHVRXUFHV EXW KDV ORQJHU UHFRYHU\ WLPH DQG GRHV QRW SURYLGH D  UHFRYHU\
JXDUDQWHHDJDLQVWIDLOXUHV3URWHFWLRQVFKHPHVRQWKHRWKHUKDQGKDYHDIDVWHUUHFRYHU\WLPHDQGFDQ
3DUWRIWKLVZRUNZDVSHUIRUPHGZKHQ)LOLS,G]LNRZVNLZDVZLWK7HFKQLVFKH8QLYHUVLWlW%HUOLQ
  
JXDUDQWHH  UHFRYHU\ IURP WKH IDLOXUH VFHQDULR IRU ZKLFK WKH\ ZHUH GHVLJQHG EXW UHTXLUH PRUH
HQHUJ\LQDEVROXWH WHUPV3URWHFWLRQVFKHPHVFDQEHIXUWKHUFDWHJRUL]HGLQ WKHZD\EDFNXSUHVRXUFHV
DUHXVHGDedicated schemesGRQRWDOORZVKDULQJRIEDFNXSUHVRXUFHVDPRQJPXOWLSOHEDFNXSSDWKV
Shared schemes XQGHU VSHFLILF FRQGLWLRQV DOORZ VRPH EDFNXS SDWKV WR XVH WKH VDPH ZDYHOHQJWK
UHVRXUFHV'HGLFDWHGSURWHFWLRQ'3FDQEHLPSOHPHQWHGLQDRUDIDVKLRQ,QWKHIRUPHUWKH
WUDIILF LVGXSOLFDWHGRYHU WZRGLVMRLQWSDWKVDQGRQHRI WKHSDWKV LVVHOHFWHGE\ WKHGHVWLQDWLRQQRGH
ZKHUHDV LQ WKH ODWWHU WKHGLVMRLQW EDFNXS SDWK PD\ FDUU\ WUDIILF WKDW FDQ EHSUHHPSWHG LQ FDVHRI D
IDLOXUHKDSSHQLQJLQWKHZRUNLQJSDWK
2SHUDWRUV WHQG WR LPSOHPHQW WKH UHVLOLHQF\ FRQFHSWV SUHVHQWHG DERYH IROORZLQJ WKUHH KLJKOHYHO
PHFKDQLVPV7KHILUVWRQHLVQHWZRUNRYHUSURYLVLRQLQJLHWKHGXSOLFDWLRQRIDQXPEHURIOLQHFDUGV
LQDQRGHXSWRWKHGXSOLFDWLRQRIFRPSOHWHJHRJUDSKLFDOO\VHSDUDWHGURXWHUVQRGHVDQGILEHUOLQNV,Q
WKH ODWWHU FDVH WKH HQG UHVXOW ZLOO EH D GXDO SODQH QHWZRUN DW RQH RU VHYHUDO OD\HUV 7KH VHFRQG
PHFKDQLVPLVWRXVHSURWHFWLRQDWWKHRSWLFDOOD\HUZKLFKFDQSURYLGHIDVWVZLWFKRYHUWLPH
PVZKHQDIDLOXUHRFFXUV2QWKHRWKHUKDQGZKHQWKHEDFNXSSDWKFDUULHVWKHVZLWFKHGRYHUWUDIILF
DQGWKHIDLOHGHOHPHQWDORQJWKHSULPDU\SDWKLVXQGHUUHSDLUWKLVWUDIILFLVLQDYXOQHUDEOHVWDWHLHLW
LVXQSURWHFWHGDJDLQVWDQ\DGGLWLRQDOIDLOXUHV)RUWKLVUHDVRQZKLOHWKHWUDIILFLVFDUULHGE\WKHEDFNXS
SDWKUHVWRUDWLRQLVXVHGWRUHSODFHWKHROGIDLOHGZRUNLQJSDWK7KLVLVWKHWKLUGRSWLRQLHGHGLFDWHG
SURWHFWLRQ SOXV UHVWRUDWLRQ $IWHU D QHZ EDFNXS SDWK LV FRPSXWHG WKH QHWZRUN LV DJDLQ SURWHFWHG
DJDLQVWDQ\VLQJOHOLQNRUQRGHIDLOXUHVFHQDULRZLWKWKHRULJLQDOEDFNXSSDWKVHUYLQJDVWKHFXUUHQW
ZRUNLQJSDWKDQGWKHUHSDLUHGROGZRUNLQJSDWKQRZDFWLQJDVWKHEDFNXSSDWK5HVLOLHQWQHWZRUNV
UHO\RQDQXPEHURIGXSOLFDWHGUHVRXUFHVZKLFKDUHXQXVHGPRVWRIWKHWLPH7KLVLVREYLRXVO\QRWWKH
PRVWHQHUJ\HIILFLHQWVROXWLRQ
&RUHQHWZRUNVKDYHDOZD\VEHHQGHVLJQHGIRFXVLQJRQWKHPLQLPL]DWLRQRIWKHQHWZRUNHTXLSPHQWDQG
WKH GHSOR\PHQW FRVW LH &DSLWDO ([SHQGLWXUHV &DS([ *LYHQ D FHUWDLQ UHTXHVW RI GDWD WUDIILF WKH
GHILQLWLRQ RI D QHWZRUN WRSRORJ\ DQG WKH VHW RI HTXLSPHQW WR EH LQVWDOOHG D GHVLJQ SURFHGXUH
GHWHUPLQHVWKHSURFHVVLQJFDSDELOLW\RIWKHVZLWFKLQJURXWLQJQRGHVRQWKHRQHKDQGDQGWKHFDSDFLW\
RI WKH LQWHUQRGH WUDQVPLVVLRQ OLQNVRQ WKH RWKHUKDQG+RZHYHU UHGXFLQJ2SHUDWLRQDO ([SHQGLWXUHV
2S([ LVEHFRPLQJ LQFUHDVLQJO\ LPSRUWDQW IRURSHUDWRUV DQGHQHUJ\FRQVXPSWLRQ LVRQHRI WKHNH\
FRQWULEXWRUV 'HVSLWH WKH QXPHURXV VWXGLHV IRFXVHG RQ UHVLOLHQF\ YHUVXV FRVW RU 4R6 HQHUJ\
FRQVXPSWLRQFDQQRWVLPSO\EHLQWHUFKDQJHGZLWKFRVWDQG4R6VRWKDWSUHYLRXVWHFKQLTXHVFDQQRWEH
GLUHFWO\ DSSOLHG WR WKH SUREOHP RI HQHUJ\HIILFLHQW UHVLOLHQW RSWLFDO QHWZRUN GHVLJQ )LUVWO\ HQHUJ\
HIILFLHQF\ KDV WR EH WUDGHG DJDLQVW 4R6 $ VLPSOH FRVW PLQLPL]DWLRQ DSSURDFK PD\ VDYH HQHUJ\ E\
VKDSLQJ WUDIILF RYHU IHZHU URXWHV EXW RQ WKH RWKHU KDQG UHGXFH WKH QHWZRUN UHOLDELOLW\ GXH WR WKH
LQFUHDVHG LPSDFW RI D FXW LQ D FRQVROLGDWHG URXWH 6HFRQGO\ QHWZRUN GHYLFHV LPSOHPHQWLQJ
VRSKLVWLFDWHG HQHUJ\ VDYLQJ IXQFWLRQDOLWLHV FRXOG EH LQLWLDOO\ PRUH H[SHQVLYH WKDQ WKH FRQYHQWLRQDO
RQHV)LQDOO\EDFNXSDQGZRUNLQJSDWKURXWHVPD\EHGHVLJQHGWRXVHWLPHYDU\LQJUHQHZDEOHHQHUJ\
VRXUFHVHIILFLHQWO\DQGRUDGDSWLQJWKHWUDQVPLVVLRQWRWKHLQVWDQWDQHRXVWUDIILFGHPDQGZKLFKUHGXFH
WKHQHWZRUNFDUERQIRRWSULQWEXWPD\QRWUHGXFHRUPLQLPL]HWKHFRVWVGLUHFWO\
7ZR IDFWV VKRXOG EH FRQVLGHUHG IRU DQ HQHUJ\HIILFLHQW UHVLOLHQF\ GHVLJQ  FRUH QHWZRUNV DUH
GLPHQVLRQHG DVVXPLQJ SHDN WUDIILF OHYHOV  WKH W\SHRI SURWHFWLRQ LH VHUYLFH JXDUDQWHHV FDQ EH
GLIIHUHQWLDWHGDQGDGDSWHGWRWKHVSHFLILFWUDIILFW\SH%RWKREVHUYDWLRQVSURYLGHRSSRUWXQLWLHVWRUHGXFH
WKHHQHUJ\FRQVXPSWLRQ$VIRUWKHSHDNWUDIILFGLPHQVLRQLQJUHDOWUDIILFGHPDQGVYDU\RYHUWLPHLH
WKH WUDIILF GHPDQGV DW QLJKW DUH XVXDOO\ PXFK VPDOOHU WKDQ WKRVH GXULQJ WKH GD\ 7KLV PHDQV WKDW
XQXVHGUHVRXUFHVOLQHFDUGVLQQRGHVRUHYHQIXOOQRGHVFDQEHSXWLQWRVOHHSWRVDYHHQHUJ\$VIRU
WKH VHUYLFHJXDUDQWHHVQRW DOO WUDIILF W\SHVQHHG WKH VDPH OHYHORISURWHFWLRQ DQG WKHUHIRUH UHVRXUFH
UHGXQGDQF\IRUVHUYLFHJXDUDQWHHVFDQEHUHVWULFWHG WRDVXEVHWRI WUDIILF W\SHV WKXVDJDLQ OHDGLQJ WR
IXUWKHU HQHUJ\ VDYLQJV ,QRWKHUZRUGV LQRUGHU WR LPSURYH WKH HQHUJ\HIILFLHQF\RI UHVLOLHQW RSWLFDO
FRUHQHWZRUNVWKHUHLVDFOHDUQHHGIRUGHVLJQDQGSURYLVLRQLQJVWUDWHJLHVVSHFLILFDOO\WDLORUHGWRUHGXFH
WKHQHWZRUNHQHUJ\FRQVXPSWLRQ
&HUWDLQO\RSWLFDOQHWZRUNGHVLJQLVFRPSOLFDWHGDQGQHHGVWREDODQFHDPRQJDQXPEHURIPHWULFVHJ
FRVWHQHUJ\UHVLOLHQF\DQGVFDODELOLW\HWF7KHSXUSRVHRIWKLVSDSHULVWRLGHQWLI\WKHPDMRUUHVHDUFK
FKDOOHQJHVLQWKHUHODWLYHO\QHZILHOGRIHQHUJ\HIILFLHQWUHVLOLHQF\LQRSWLFDOWUDQVSRUWQHWZRUNV,QWKLV
UHVSHFWRXUREMHFWLYHUDWKHUWKDQSUHVHQWLQJXQLYRFDOVROXWLRQVLVWRKLJKOLJKWDQGUHDVRQDURXQGWKH
QDWXUHRIWKHSRWHQWLDORSWLRQVDQGWKHFKDOOHQJHVWKDWWKH\SUHVHQWHJWKHLUSHUIRUPDQFHWUDGHRIIV
  
 5HVHDUFKWRSLFV2SHQSUREOHPV
&RUHQHWZRUNVDUHJHQHUDOO\GHVLJQHGDQGSURYLVLRQHGLQUHVSRQVHWRWKUHHPDLQLQSXWVLHORQJWHUP
WUDIILFIRUHFDVWVVKRUWWHUPWUDIILFG\QDPLFVDQG6HUYLFH/HYHO$JUHHPHQW6/$UHTXLUHPHQWV7KHVH
IDFWRUV LQIOXHQFH WKH GHVLJQ DQG WKH FKRLFH RI SURWHFWLRQ DQG UHVWRUDWLRQ PHFKDQLVPV DV ZHOO DV WKH
HQHUJ\HIILFLHQF\ SHUIRUPDQFH ,Q WKLV VHFWLRQ ZH SURYLGH DQ RYHUYLHZ WR DGGUHVV WKHVH ORQJWHUP
VWDWLF QHWZRUN DUFKLWHFWXUH GHVLJQ FKRLFHV WKH SURWRFROV DQG KDUGZDUH IXQFWLRQDOLWLHV QHHGHG IRU
DGDSWDWLRQWRWKHVKRUWWHUPWUDIILFG\QDPLFVDQGWKHVWUDWHJLHVQHHGHGWRPHHWWKH6/$UHTXLUHPHQWV
LQ DQ HQHUJ\HIILFLHQW IDVKLRQ 0RVW RI WKH SUHVHQWHG FKDOOHQJHV DUH MXVWLILHG E\ QXPHULFDO UHVXOWV
DFKLHYHGLQRXUSUHYLRXVZRUNWKRXJKLQGLIIHUHQWQHWZRUNDQGWUDIILFVFHQDULRV
 D E

 F G
)LJXUHDSURWHFWLRQDWWKH,3OD\HUESURWHFWLRQDWWKHRSWLFDOOD\HUFHPSOR\LQJ
RSWLFDOE\SDVVDWWKH,3OD\HUGJURRPLQJDWWKH2SWLFDO7UDQVSRUW1HWZRUN271OD\HU/&
 OLQHFDUG7;3 WUDQVSRQGHU2;& RSWLFDOFURVVFRQQHFW2/$ RSWLFDOOLQHDPSOLILHUZS 
ZRUNLQJSDWKES EDFNXSSDWK
2.1 Long-term static architecture network design choices 
1HWZRUN $UFKLWHFWXUH ²&XUUHQW RSWLFDO QHWZRUNV DUH EDVHG RQ ZDYHOHQJWK GLYLVLRQ PXOWLSOH[LQJ
:'0 WHFKQRORJLHV ZKLFK RSHUDWH RYHU IL[HG FKDQQHO VSDFLQJ GHILQHG E\ WKH ,QWHUQDWLRQDO
7HOHFRPPXQLFDWLRQV 8QLRQ ±7HOHFRPPXQLFDWLRQ VHFWRU ,787 :'0 QHWZRUN DUFKLWHFWXUHV PD\
FRQVLGHUWKH6LQJOH/LQH5DWH6/5WUDQVPLVVLRQLQDOOWKHZDYHOHQJWKFKDQQHOVRU0L[HG/LQH5DWH
0/5WUDQVPLVVLRQVZKHUHFKDQQHOVWUDQVPLWWHGZLWKGLIIHUHQWUDWHFRH[LVWRQWKHVDPHILEHU(ODVWLF
2SWLFDO1HWZRUNV(21VZKLFKDOORZIRUIOH[LEOHEDQGZLGWKWUDQVPLVVLRQVDQGDGDSWLYHPRGXODWLRQ
KDYH HPHUJHG DV WKH IXWXUH WHFKQRORJ\ IRU WKH RSWLFDO QHWZRUN 7KH FKRLFH RI D SDUWLFXODU QHWZRUN
DUFKLWHFWXUHRYHUDQRWKHUWRJHWKHUZLWKWKHDGRSWHGUHVLOLHQWVFKHPHLHUHVWRUDWLRQYHUVXVSURWHFWLRQ
RU GHGLFDWHG YHUVXV VKDUHG SURWHFWLRQ ZLOO KDYH FOHDU HIIHFWV LQ HQHUJ\ FRQVXPSWLRQ )RU LQVWDQFH
FKDQJLQJWKHSURWHFWLRQVFKHPHIURP'3WKHPRVWUHOLDEOHDQGPRUHHQHUJ\FRQVXPLQJVFKHPH
WRPRUHHQHUJ\HIILFLHQWRQHVVXFKDV'3RU63ZLOOUHVXOWLQGLIIHUHQWHQHUJ\VDYLQJVGHSHQGLQJRQ
WKHQHWZRUNDUFKLWHFWXUH(JDGRSWLQJ63RU'3WKHHQHUJ\FRQVXPSWLRQRIWKHRSWLFDOOD\HUFDQ
EHUHGXFHGXSWRZLWKUHVSHFWWR'3LQ(21DQGXSWRLQ:'0ZLWKD6/5RI*ESV
>@
  
(PERGLHGHQHUJ\²7KHHQHUJ\FRQVXPHGGXULQJWKHZKROHOLIHWLPHRIDQLQVWDOOHGGHYLFHQHHGVWR
EHFRQVLGHUHGLQFOXGLQJHJPDQXIDFWXULQJDQGGHFRPPLVVLRQLQJ LQ WKHGHVLJQRIRSWLFDO WUDQVSRUW
QHWZRUNV ,Q IDFW WKH HPERGLHG HQHUJ\ DFFRXQWV IRU DSSUR[LPDWHO\  RI WKH WRWDO HQHUJ\
FRQVXPSWLRQRI WKHQHWZRUN LHRSHUDWLRQDOSOXVHPERGLHGHQHUJ\FRQVXPSWLRQ >@7KH ILEHUKDV
DFWXDOO\WKHKLJKHVWLPSDFWLQWHUPVRIHPERGLHGHQHUJ\>@GXHWRWKHODUJHDPRXQWRIPDWHULDOXVHGWR
SURWHFW WKH ILEHUV LQ D FDEOH DQG WKH KXQGUHGV RI WKRXVDQGV RI NLORPHWHUV RI ILEHU FDEOH LQ D FRUH
QHWZRUN7KHUHIRUHIURPDQHQHUJ\SHUVSHFWLYHLWLVHVSHFLDOO\LPSRUWDQWWRPLQLPL]HWKHQXPEHURI
UHGXQGDQWILEHUVLQUHVLOLHQWQHWZRUNV
5HVLOLHQF\DWGLIIHUHQWOD\HUV²&RUHQHWZRUNVDUHW\SLFDOO\RUJDQL]HGDVPXOWLOD\HUQHWZRUNVZKHUH
HDFKOD\HUFDQEHYLHZHGDVDVLQJOHQHWZRUN+LJKHUOD\HUVUHO\RQWKHUHVRXUFHVDQGVHUYLFHVSURYLGHG
E\WKHORZHUOD\HUVDQGUHVLOLHQF\FDQEHSURYLGHGDWDQ\OD\HU)LJDLOOXVWUDWHVSURWHFWLRQLQ
WKH,3OD\HUZKHUHDV)LJEVKRZVWKHVDPHWUDIILFGHPDQGSURWHFWHGDWWKHRSWLFDOOD\HU1RWHWKH
VXEWOH GLIIHUHQFH RI WKH ODWWHU ZLWK WKH HPSOR\PHQW RI RSWLFDO E\SDVV LQ FRPELQDWLRQ ZLWK 
SURWHFWLRQDWWKH,3OD\HUVKRZQLQ)LJF,ISURWHFWLRQLVSURYLGHGVLPXOWDQHRXVO\DWPXOWLSOHOD\HUV
DQG WKHUH LVQRFRRUGLQDWLRQEHWZHHQ WKH OD\HUVSDUDOOHO UHFRYHU\DFWLRQVPD\ WDNHSODFHZKLFKFDQ
KDYH D VLJQLILFDQW LPSDFW RQ WKH RYHUDOO QHWZRUN VWDELOLW\ DQG OHDG WR VXERSWLPDO UHVRXUFH XVDJH
0XOWLOD\HUUHFRYHU\VFKHPHVKDYHEHHQH[SORUHG LQHDUOLHUUHVHDUFKKRZHYHU LW LVQRW\HWFOHDUKRZ
WKHVH VWUDWHJLHV SHUIRUP IURP DQ HQHUJ\HIILFLHQF\ SRLQW RI YLHZ ,QWXLWLYHO\ WKH EHVW RSWLRQ LV WR
SURYLGHSURWHFWLRQ DW WKH PRVW HQHUJ\HIILFLHQW ERWWRP OD\HU SHUKDSV DXJPHQWHGZLWK DERWWRPXS
HVFDODWLRQVWUDWHJ\ZKHUHUHFRYHU\VWDUWVLQWKHORZHVWGHWHFWLQJOD\HUDQGHVFDODWHVXSZDUGV+RZHYHU
WKLV VWUDWHJ\FRPHVZLWK WKHGUDZEDFNRISRRUHUKDQGOLQJRIKLJKHUOD\HU IDLOXUHVDQG WKH LPSDFWRI
HVFDODWLRQ WLPLQJV RQ WKH RYHUDOO UHFRYHU\ WLPH KDV WR EH DVVHVVHG )XUWKHUPRUH QHWZRUN RSHUDWRUV
RIWHQ GXSOLFDWH WKHLU EDFNERQH QHWZRUNV DQG VLPXOWDQHRXVO\ RSHUDWH WZR QHDUO\LGHQWLFDO QHWZRUNV
:LWKSURWHFWLRQRIWHQXVHGDWWKH2SWLFDO7UDQVSRUW1HWZRUN271OD\HUDVVKRZQLQ)LJG
WKLVPHDQVLQHIIHFWWKDWHDFKUHTXHVWHGGHPDQGUHVXOWVLQIRXUWLPHVWKHFDSDFLW\DWWKHRSWLFDOOD\HU
(QHUJ\ZLVHWKLVLVFOHDUO\QRWDQRSWLPDOVLWXDWLRQ
7RSRORJLHV²/RRNLQJDWDVLQJOHOD\HUWKHQHWZRUNWRSRORJ\VKRXOGNHHSDUHODWLYHO\KLJKQXPEHURI
DOWHUQDWLYHSDWKV IRU WKH WUDIILFGHPDQGVFRPLQJ IURP WKHKLJKHU OD\HUV$OWKRXJKD IXOOPHVKHGDQG
KLJKO\RYHUSURYLVLRQHGWRSRORJ\LVLGHDOIURPWKHSHUVSHFWLYHRISURWHFWLRQWKHQXPEHURIGHSOR\HG
OLQNVDQGWKHLUFDSDFLWLHVVKRXOGEHWUDGHGDJDLQVWHQHUJ\FRQVXPSWLRQ7KLVWUDGHRIIZDVFRQVLGHUHG
LQ>@IRUSK\VLFDO WRSRORJ\GHVLJQ7KHFRQVWUDLQWRQPLQLPXPQRGDOGHJUHHHTXDO WRVHFXULQJDW
OHDVWRQHDOWHUQDWLYHSDWK OHDGVWRQHJOLJLEOH LQFUHDVHRIQHWZRUNSRZHUFRQVXPSWLRQLQFUHDVH
ZLWKUHVSHFWWRDQHWZRUNZLWKPLQLPXPQRGDOGHJUHHHTXDOWRXVLQJPXOWLKRSE\SDVVDSSURDFKDQG
V\PPHWULF WUDIILFGHPDQG IRU WKH16)1(7QHWZRUN)XUWKHUPRUH WKH VL]HRI WKHQHWZRUNZLOO DOVR
SOD\ DQ LPSRUWDQW UROH ZKHQ WUDGLQJ HQHUJ\HIILFLHQF\ DQG UHVLOLHQF\ )RU LQVWDQFH LI VRPH OLQNV
EHFRPHKLJKO\RFFXSLHGGXHWRWKHWUDIILFJURZWKEDFNXSSDWKVPD\EHFRPHPXFKORQJHUDQGUHTXLUH
WKH XVDJH RI VLJQDO UHJHQHUDWLRQ RU PRUH UREXVW PRGXODWLRQ IRUPDW ZLWK WKH FRQVHTXHQW LQFUHDVH LQ
HQHUJ\FRQVXPSWLRQ
2.2 Open issues in adaptation to short-term traffic dynamics 
1RYHOHTXLSPHQW IHDWXUHV²7KHQRPLQDOSRZHUFRQVXPSWLRQRIGHYLFHVHTXLSPHQWFRQVLGHUHGIRU
LQVWDOODWLRQPXVWEHDVVHVVHGGXULQJWKHQHWZRUNGHVLJQSKDVH(PHUJLQJHTXLSPHQWIHDWXUHV²VXFKDV
VOHHSPRGHVDQGG\QDPLFUHFRQILJXUDWLRQRIPRGXODWLRQIRUPDWDQGWUDQVPLVVLRQUHDFK²FRXOGSURYLGH
QHZ RSSRUWXQLWLHV WR UHGXFH WKH SRZHU FRQVXPSWLRQ RI EDFNXS OLQNV )RU H[DPSOH PRUH HQHUJ\
HIILFLHQWSURWHFWLRQVFKHPHVFRXOGEHGHYLVHGWRH[SORLWVOHHSPRGHVDWWKHH[SHQVHRIVORZHUUHFRYHU\
+RZHYHU WR WKH EHVW RI RXU NQRZOHGJH WKHUH LV QR FXUUHQW LQIRUPDWLRQ RI DQ\ FRPPHUFLDO GHYLFH
LPSOHPHQWLQJ WKHVH LQQRYDWLYH IHDWXUHV PDNLQJ DOO UHODWHG ZRUN UHSRUWLQJ UHVXOWV EDVHG RQ
DVVXPSWLRQV 1HZ SURWHFWLRQ VFKHPHV FRXOG DOVR DOORZ PXOWLUDWH WUDQVSRQGHUV WR IDOOEDFN WR ORZHU
WUDQVPLVVLRQ UDWHVGHSHQGLQJRQ WKH6/$DQG UHGXFHHQHUJ\FRQVXPSWLRQ7KLV LV UHODWHG WR6HFWLRQ
 ZKHUH ZH GLVFXVV TXDOLW\ RI SURWHFWLRQ 4R3 GLIIHUHQWLDWLRQ 0RUHRYHU WKHUH DUH RSHQ LVVXHV
ZKLFK PXVW EH DGGUHVVHG  $UH FRPSOH[ GHYLFHV PRUH SURQH WR IDLOXUHV"  +RZ TXLFNO\ FDQ WKH
GHYLFHV EH EURXJKW XS DQG GRZQ WR UHDFW WR WUDIILF YDULDWLRQV"  +RZ FDQ WKH HQHUJ\ FRQVXPSWLRQ
LQIRUPDWLRQRIWKHGHYLFHDQGHOHFWULFLW\FRVWEHDFFXUDWHO\PRQLWRUHG"
7UDGHRIIV LQ G\QDPLF DGDSWDWLRQ WR WHPSRUDO YDULDWLRQ RI WUDIILF ² 7UDIILF LQ FRUH QHWZRUNV LV
XVXDOO\ KLJKHU GXULQJ WKH GD\ DQG ORZHU GXULQJ WKH QLJKW 3XWWLQJ LGOH GHYLFHV LQWR VOHHS RU HQHUJ\
VDYLQJPRGHHJDGDSWDWLRQRIWUDQVPLVVLRQUDWHVFDQHIIHFWLYHO\UHGXFHWKHHQHUJ\FRQVXPSWLRQRI
WKHEDFNXSUHVRXUFHVHJDGDSWLQJWKHEDFNXSWUDQVPLVVLRQLQ'3FDQVDYHXSWRRIHQHUJ\
  
FRQVXPSWLRQ DW WKH RSWLFDO OD\HU GXULQJ WKH ORZWUDIILF KRXUV RI WKH ZHHNHQG >@ $QRWKHU VWUDWHJ\
UHOLHVRQFRQFHQWUDWLQJEDFNXSSDWKVLQWRVHSDUDWHILEHUVDVWREHDEOHWRSXWWKHGHYLFHVRQWKHVHOLQNV
LQWRsleep modeZLWKRXWEHLQJFRQVWUDLQHGE\WKHSUHVHQFHRIZRUNLQJSDWKV7KLVLVDSSOLHGWR'3>@
DQG63>@ZLWKSRZHUVDYLQJVRIXSWRZLWKUHVSHFWWRWKHQRQVOHHSPRGHVFHQDULRV0RUHRYHU
WKH VOHHS PRGH IXQFWLRQDOLW\ FDQ DOVR EH H[SORLWHG FRQVLGHULQJJURRPLQJ DW WKH HOHFWULFDO OD\HU ZLWK
HQHUJ\VDYLQJVRIXSWRLQERWKWKHRSWLFDODQG,3OD\HUV>@1HYHUWKHOHVVIRUWKHVHPHFKDQLVPV
LW ZLOO EH LPSRUWDQW WR GHWHUPLQH WKH EHVW WUDGHRII EHWZHHQ UHVLOLHQF\ HQHUJ\HIILFLHQF\ DQG ORZ
UHFRQILJXUDWLRQFRVWV
*HRJUDSKLFDO WUDIILF GLVWULEXWLRQ ² *HRJUDSKLFDO WUDIILF GLVWULEXWLRQ LQ QHWZRUNV FRYHULQJ ODUJH
DUHDV PD\ EH GLYHUVH HVSHFLDOO\ LQ QHWZRUNV VSDQQLQJ VHYHUDO WLPH ]RQHV ,V LW SRVVLEOH WR XVH LGOH
UHVRXUFHVIURPRQHWLPH]RQHDVSURWHFWLRQUHVRXUFHVLQDQRWKHUWLPH]RQH"7UDIILFGLVWULEXWLRQFDQDOVR
VXIIHUVWURQJYDULDWLRQVGXHWRH[WHUQDOLQIOXHQFHVOLNHQDWXUDOGLVDVWHUVRUZLGHDXGLHQFHHYHQWV([WUD
UHGXQGDQF\FDQEHSURYLGHGWRIDFHWKHSRWHQWLDOWUDIILFFKDQJHVEXWLWZLOOEHFRVWO\7KHUHIRUHKRZ
WRKDQGOHWKLVSRWHQWLDOYDULDWLRQIURPWKHSURWHFWLRQSRLQWRIYLHZLVDQRSHQTXHVWLRQ7KHUHDUHVRPH
ZRUNVWKDWGLIIHUHQWLDWHGWUDIILFLQGLIIHUHQWWLPH]RQHVHJ>@RUXVHGWUDIILFGDWDRULJLQDWLQJIURP
PHDVXUHPHQWVHJ>@+RZHYHUWRWKHEHVWRIRXUNQRZOHGJHWKHUHLVQRUHODWHGZRUNIRFXVHGRQ
JHRJUDSKLFDOWUDIILFGLVWULEXWLRQDQGJUHHQQHWZRUNLQJ
*UDQXODULW\RI WUDIILFGHPDQGV²7KHVL]HRIDVLQJOHWUDIILFGHPDQGGHWHUPLQHVWKHSRVVLELOLW\RI
JURRPLQJLWLQWRDVHWRIOLJKWSDWKVDQGOLQNVWRXWLOL]HWKHDYDLODEOHQHWZRUNUHVRXUFHVLQDQHIILFLHQW
ZD\ +RZHYHU JURRPLQJ RI PXOWLSOH WUDIILF GHPDQGV RYHU D OLPLWHG QXPEHU RI QHWZRUN UHVRXUFHV
SRVHV D FKDOOHQJH IURP WKH UHVLOLHQF\ SRLQW RI YLHZ VLQFH VRPH WUDIILF GHPDQGV QHHG WR WUDYHUVH
PXOWLSOHKRSVIURPWKHLURULJLQWR WKHLU WDUJHW7KLV LQ WXUQ LQFUHDVHV WKHQXPEHURIGHYLFHVRQWKHLU
SDWK HDFK EHLQJ SURQH WR IDLOXUHV 7KLV OHDGV WR LPSRUWDQW TXHVWLRQV UHODWLQJ WR WKH PD[LPXP
JUDQXODULW\RIWUDIILFGHPDQGVZLWKUHVSHFWWRQHWZRUNUHVRXUFHVVRWKDWWUDIILFJURRPLQJIRUHQHUJ\
VDYLQJSD\VRIIZLWKRXWYLRODWLRQRISURWHFWLRQFRQVWUDLQWV:KLOH DQ LQLWLDO H[SORUDWLRQRQ WKLV LVVXH
VHH )LJ  LQ >@ LQGLFDWHV WKDW JURRPLQJFDQEH PRUH HQHUJ\HIILFLHQW ZKHQ WKHJUDQXODULW\ RI WKH
WUDIILFGHPDQGVLVEHORZKDOIRIWKHOLQHUDWHWKHFLWHGZRUNGRHVQRWORRNDWWKHLPSDFWRIJURRPLQJRQ
WKHDYDLODELOLW\LQWHUPVRIUHODWLYHXSWLPHSHU\HDU
2.3 Strategies to meet the SLA requirements 
3K\VLFDO LPSDLUPHQWV ² 1HWZRUN GHVLJQ WHFKQLTXHV KDYH WR FRQVLGHU SK\VLFDO LPSDLUPHQWV HJ
ILEHU ORVVGLVSHUVLRQRUQRQOLQHDU HIIHFWV DQG WKHLU LPSDFWRQ WKH UHVXOWLQJ4XDOLW\RI7UDQVPLVVLRQ
4R76RPHHQHUJ\VDYLQJWHFKQLTXHVFDQH[DFHUEDWH WKHHIIHFWRIVRPHSK\VLFDO LPSDLUPHQWVHJ
FURVVSKDVHPRGXODWLRQDQGFURVV WDON >@DV WKH\ WHQG WRFRQFHQWUDWHPRVWRI WKH WUDIILFRQD IHZ
OLQNV WR SXW XQXVHG GHYLFHV LQWR VOHHS PRGH 7KLV SUREOHP FDQ EH RYHUFRPH E\ LQWURGXFLQJ GHVLJQ
WHFKQLTXHVWKDWDUHERWKHQHUJ\DQGLPSDLUPHQWDZDUH7KHZRUN>@VKRZVWKDWVXFKWHFKQLTXHVDUH
DEOHWRDFKLHYHWKHVDPHHQHUJ\VDYLQJVRIFRQYHQWLRQDOLHQRQLPSDLUPHQWDZDUHJUHHQVWUDWHJLHV
ZKLOH SURYLGLQJ 4R7 OHYHOV FORVH WR WKRVH SURYLGHG E\ WKH LPSDLUPHQW DZDUH GHVLJQ VWUDWHJLHV LH
RQO\DVPDOOSHUFHQWDJHRIWKHOLJKWSDWKVFDQQRWEHHVWDEOLVKHGGXHWRLQVXIILFLHQW4R7(YHQWKRXJK
WKHZRUNLQ>@FRQVLGHUVDQXQSURWHFWHGVFHQDULRZHFDQH[SHFW WKDWWKLVDVSHFWZLOOEHHYHQPRUH
FULWLFDOZKHQGHVLJQLQJSURWHFWHGQHWZRUNVZKHUH WKHEDFNXSSDWKVDUHRQDYHUDJH ORQJHU WKDQ WKHLU
UHVSHFWLYH ZRUNLQJ SDWKV 3RZHU WUDQVLHQW SKHQRPHQD ZLOO DOVR KDYH WR EH FRQVLGHUHG ZKHQ VHWWLQJ
QHWZRUN HOHPHQWV LQWR VOHHS PRGH DQG DGHTXDWH PHFKDQLVPV HJ GLVDEOLQJ WKH WUDQVSRQGHU
HOHFWURQLFV ZKLOH NHHSLQJ WKH LQMHFWHG RSWLFDO SRZHU PXVW EH SURYLGHG 0RUHRYHU WKH FRQWLQXRXV
GHYHORSPHQWRIKLJKVSHHGV\VWHPVFRPHVDWWKHFRVWRIUHGXFHGUHDFK&RQVHTXHQWO\DKLJKHUQXPEHU
RI 2(2 UHJHQHUDWLRQV KLJKO\ HQHUJ\ FRQVXPLQJ SURFHVVHV ZRXOG EH QHHGHG IRU D JHQHUDOL]HG
GHSOR\PHQW(PSOR\LQJPRUHUREXVWPRGXODWLRQIRUPDWVIRUORQJEDFNXSSDWKVFDQEHDQDOWHUQDWLYHWR
UHJHQHUDWLRQEXWDWWKHH[SHQVHRIUHTXLULQJKLJKHUHQHUJ\SHUELW>@
'LIIHUHQWLDWHG4XDOLW\RI3URWHFWLRQ²&RPPRQO\DVLQJOHSROLF\LVDSSOLHGWRDOODJJUHJDWHGWUDIILF
GHPDQGV DV VKRZQ LQ)LJ  $Q DOWHUQDWLYH WR WKLV SROLF\ ZRXOGEH WR DSSO\ 'LIIHUHQWLDWHG 4R3E\
DVVLJQLQJ GLIIHUHQW UHVLOLHQF\ OHYHOV WR GHPDQG ³VXEVHWV´ KDYLQJ GLIIHUHQW 6/$ QHHGV >@ 7KHVH
³VXEVHWV´FRXOGEHDOORFDWHGIRULQVWDQFHWRGLIIHUHQWUHVLGHQWLDOVHUYLFHVRUWRGLIIHUHQWSHUIRUPDQFH
FODVVHV RI D FRUSRUDWH VHUYLFH OLNH RSWLFDO 9LUWXDO 3ULYDWH 1HWZRUNV  931V  7KH DSSOLFDWLRQ RI
'LIIHUHQWLDWHG4R3DOORZVIRUDUHGXFWLRQRISURWHFWLRQUHVRXUFHVZKLFKPD\UHVXOWLQLPSURYHGHQHUJ\
HIILFLHQF\ ZLWK UHVSHFW WR WKH FRQYHQWLRQDO '3  VFKHPH (QHUJ\ (IILFLHQF\ SHU *+] ((3*
LPSURYHPHQWV RI XS WR  DUH UHSRUWHG LQ >@ $QRWKHU SRVVLELOLW\ LV WR DGDSW WKH UHOLDELOLW\
SHUIRUPDQFHRIDJLYHQSURWHFWLRQVFKHPHWRWKHUHOLDELOLW\UHTXLUHPHQWVRIWKHSURYLVLRQHGWUDIILFLH
  
WKH'LIIHUHQWLDWH5HOLDELOLW\'L5FRQFHSW7KXVLIIRUVRPHWUDIILFGHPDQGVWKHEDFNXSSDWKGRHVQRW
QHHG WREHDOZD\VDYDLODEOHIRUDQ\SRVVLEOHIDLOXUHVFHQDULR LWZLOOEHSRVVLEOH WRVHOHFWLYHO\DVVLJQ
SURWHFWLRQ UHVRXUFHV RQO\ WR WKRVH GHPDQGV WKDW QHHG WKHP WKH PRVW 7KLV DSSURDFK FDQ OHDG WR
VLJQLILFDQWHQHUJ\VDYLQJVLHXSWR>@ZLWKUHVSHFWWRFRQYHQWLRQDOSURWHFWLRQVWUDWHJLHVWKDW
DUHDOZD\VVXUYLYDEOH
(21%97²(21WHFKQRORJLHVSURYLGHDQH[WUDGHJUHHRI IUHHGRPRQDVVLJQLQJ WUDIILFGHPDQGV WR
4R3OHYHOV(JDVOLFHDEOH%DQGZLGWK9DULDEOH7UDQVSRQGHU%97EDVHGRQDPXOWLFDUULHUDSSURDFK
FRXOG EH XVHG WR DVVLJQ D QXPEHU RI FDUULHUV WR D VSHFLILF 4R3 7KLV FDQ DOORZ IRU RSWLPL]LQJ WKH
UHVRXUFHXWLOL]DWLRQDQGSURYLGLQJDILQHUJUDQXODULW\RQ4R3PDSSLQJ%HVLGHVD%97FDQDGDSWWKH
WUDQVPLVVLRQ UDWH PRGLI\LQJ WKH EDQGZLGWK DQGRU PRGXODWLRQ IRUPDW WR WKH WUDIILF YDULDWLRQV DQG
WKXVUHGXFHHQHUJ\FRQVXPSWLRQ(21LVVKRZQWRSURYLGHPXFKKLJKHU((3*WKDQWUDGLWLRQDOIL[HG
JULG:'0WHFKQRORJLHVZLWKDQ\SURWHFWLRQ VFKHPH HJ((3*FDQEH LPSURYHGXS WRZLWK
UHVSHFWWR0/5ZLWK63>@
1HWZRUN 9LUWXDOL]DWLRQ ² 1HWZRUN UHVRXUFHV FDQ EH SDUWLWLRQHG RYHU GLIIHUHQW RSHUDWRUV DQGRU
VHUYLFHV,Q WKDWUHVSHFW WKHSK\VLFDOQHWZRUNZRXOGFRPSULVHRIDQXPEHURIYLUWXDOQHWZRUNVHDFK
RQHUHFHLYLQJDGLIIHUHQWGHJUHHRIUHVLOLHQF\DFFRUGLQJWR WKHDPRXQWRIUHVRXUFHVDOORFDWHGWRHDFK
VHUYLFHRSHUDWRU 7KH YLUWXDOL]DWLRQ RI WKH QHWZRUN FRPSRQHQWV FRPELQHG ZLWK WKH FUHDWLRQ RI
VHJUHJDWHG YLUWXDO WRSRORJLHV ZLWK GLIIHUHQW DUFKLWHFWXUHV LQFOXGLQJ GLIIHUHQW URXWLQJ DQG UHVLOLHQW
SURWRFROV FDQ KHOS LQ VXSSRUWLQJ YDULDEOH4R3 OHYHOV DQG WKXV UHGXFLQJ WKH HQHUJ\ FRQVXPSWLRQE\
VKDULQJ WKH UHVRXUFHV DPRQJ GLIIHUHQW XVHUVYLUWXDO QHWZRUNV 7KH GLIIHUHQWLDWLRQ FDQ EH DFKLHYHG LQ
RQHRUPRUHGLPHQVLRQV LQFOXGLQJ WLPHGHOD\DYDLODELOLW\SURWHFWLRQVFKHPHSURWHFWLRQ OHYHO4R7
DQG WKHQHWZRUN OD\HU VHOHFWHG LH HOHFWULFDO DQGRURSWLFDO'HVSLWHQXPHURXVZRUNV WKDW FRQVLGHU
UHDOL]DWLRQRIDYLUWXDOQHWZRUNRYHUDSK\VLFDORQHRQO\DIHZRIWKHPFRQVLGHUQHWZRUNYLUWXDOL]DWLRQ
DQGSURWHFWLRQ(JRISRZHUFDQEHVDYHGE\DOORZLQJYLUWXDOOLQNVWRE\SDVVSK\VLFDOQRGHVLQ
DQ,3RYHU:'0QHWZRUNPXOWLKRSE\SDVVFRPSDUHGWRQRQE\SDVVDSSURDFKIRU16)1(7QHWZRUN
DWSP)LJRI>@SURYLGLQJSURWHFWLRQLQWKHSK\VLFDOOD\HUE\NHHSLQJPLQLPXPQRGDOGHJUHH
HTXDOWR3URWHFWLRQLVQRWWKHIRFXVRI>@WKRXJK
'DWD 3UHHPSWLRQ ² 3UHHPSWLRQ LV EDVHG RQ WKH LQWXLWLRQ WKDW ORZ SULRULW\ VHUYLFHV FDQ EH
SURYLVLRQHGZLWKWKHRSWLRQWREHGLVFDUGHGVKRXOGDFRQQHFWLRQZLWKDKLJKHUFULWLFDOLW\OHYHOQHHGWR
XVHWKHQHWZRUNUHVRXUFHV7KLVFRXOGKDSSHQDIWHUDIDLOXUHFRQFDWHQDWLRQRUVRPHXQH[SHFWHGRUYHU\
LQIUHTXHQWHYHQW,Q WKLVFDVH OLJKWSDWKSUHHPSWLRQOHYHOVDUHXVHGWRGHFLGHZKLFKVLJQDOVKRXOGEH
DOORFDWHG ILUVW UHOHDVLQJ WKH UHVRXUFHV LQ XVH E\ OLJKWSDWKV ZLWK ORZHU SUHHPSWLRQ OHYHOV :H FDQ
FRQVLGHU WKLV PHFKDQLVP DV D VXEVHW RI D 4R3 VFKHPH 7KLV RI FRXUVH KDV WR EH GRQH ZLWKRXW
FRPSURPLVLQJ WKH UHTXLUHG4R6 OHYHORI HDFK FRQQHFWLRQ3UHHPSWLRQEDVHG VWUDWHJLHV FDQ LPSURYH
HQHUJ\HIILFLHQF\ VLQFH SRZHULQJRQ H[WUD UHVRXUFHV LV QRW DOZD\V QHFHVVDU\ )RU LQVWDQFH LQ D
VFHQDULR ZKHUH SUHHPSWLRQ LV XVHG WR G\QDPLFDOO\ SURYLVLRQ WKH VHUYLFH VXEMHFW WR GLIIHUHQW 4R3
UHTXLUHPHQWV UHGXQGDQW UHVRXUFHV XVHG IRU SURWHFWLRQ FRXOG EH XVHG WR FRQYH\ H[WUD WUDIILF LI WKH
FDUULHG WUDIILF LVDEOH WR WROHUDWHDGLVUXSWLRQVKRXOGRQHRUPRUHIDLOXUHVRFFXU LQ WKHQHWZRUN7KLV
ZLOO EH DFFRPSOLVKHG ZLWKRXW XQQHFHVVDULO\ WXUQLQJ RQ H[WUD UHVRXUFHV LQ WKH QHWZRUN ZLWK HYLGHQW
EHQHILWV LQ WHUPVRIHQHUJ\HIILFLHQF\+RZHIIHFWLYH LV WKHXVHRIVXFKHQHUJ\HIILFLHQWSUHHPSWLRQ
WHFKQLTXHVLVVWLOODQRSHQTXHVWLRQZKLFKWRWKHEHVWRIRXUNQRZOHGJHKDVQRWEHHQVWXGLHGVRIDU
7KHDQVZHUZLOOGHSHQGRQDVHULHVRIIDFWRUVVXFKDV WKHSURWHFWLRQPHFKDQLVPXVHGDQGWKHWUDIILF
FRPSRVLWLRQMXVWWRQDPHDIHZ+LJKHUSRZHUUHGXFWLRQFDQEHH[SHFWHGLQWKHSUHVHQFHRIWUDIILFZLWK
KLJKO\GLYHUVHVXUYLYDELOLW\QHHGVDVZHOODVZLWKSURWHFWLRQWHFKQLTXHVWKDWDUHOHVVVWULQJHQWLQWKHLU
UHTXLUHPHQWV)LQDOO\ WKHUH LVRQH ODVWDVSHFW WRFRQVLGHU ,IEDFNXSUHVRXUFHVDUHXVHG WR URXWHSUH
HPSWDEOHWUDIILFWKH\QHHGWRVWD\LQDQDFWLYHVWDWHSRWHQWLDOO\QXOOLI\LQJWKHEHQHILWVRIVRPHHQHUJ\
HIILFLHQW SURWHFWLRQ WHFKQLTXHV 7KHUH LV REYLRXVO\ D WUDGH±RII WKDW QHHGV WR EH DVVHVVHG KHUH WR
XQGHUVWDQGXQGHUZKLFKFRQGLWLRQVSUHHPSWLRQZLOOEHEHQHILFLDO IURPDQHQHUJ\ UHGXFWLRQSRLQWRI
YLHZ
 0HWULFVDQGVWDQGDUGV
7KLVVHFWLRQFRQVLGHUVKRZLVVXHVUHODWHGWRHQHUJ\HIILFLHQF\DQGUHVLOLHQF\FDQEHHYDOXDWHGDQGZKDW
WKLVZRXOGPHDQLQWHUPVRIVWDQGDUGLVDWLRQUHTXLUHPHQWV
0HWULFV²7KHHQHUJ\HIILFLHQF\RIDQHWZRUNZLWKYDULRXVUHVLOLHQF\VFKHPHVFDQEHDVVHVVHGZLWK
FRPPRQ PHWULFV VXFK DV :ESV RU -E RU WKH LQYHUVH RI ERWK :LWK WKLV DSSURDFK OHVV SURWHFWLYH
VFKHPHVHJ63ZLOOUHVXOWLQPRUHHQHUJ\HIILFLHQWGHVLJQVWKDQPRUHSURWHFWLYHVFKHPHVHJ'3
  
:KLOHWKLVPHWULFLVDJRRGLQGLFDWRUIRUWKHDFWXDOSRZHURUHQHUJ\UHTXLUHGWRWUDQVSRUWDELWRI
LQIRUPDWLRQ LW GRHV QRW WDNH LQWR DFFRXQW WKH OHYHO RI SURWHFWLRQ 7R GR VR LW PLJKW PDNH VHQVH WR
H[SUHVVWKHenergy-efficiency normalized by the protection factorZKHUHWKHSURWHFWLRQIDFWRUFRXOGEH
HJIRU'3IRU63HWF7KLVPHWULFSURYLGHVDIDLUHULQGLFDWLRQRIWKHHQHUJ\UHTXLUHGIRUD
JLYHQ OHYHO RI SURWHFWLRQ )LQDOO\ ZLWK WKH SRWHQWLDO HYROXWLRQ WRZDUGV PRUH IOH[LJULG HTXLSPHQW
FRPPRQ:ESVPHWULFRULWVGHULYDWLYHVPLJKWEHLQVXIILFLHQWWRFDSWXUHWKHHIILFLHQF\LQXWLOL]LQJWKH
DYDLODEOH VSHFWUXP )RU H[DPSOH D %97 FDQ PDNH XVH RI DGDSWLYH EDQGZLGWKV GHSHQGLQJ RQ WKH
UHTXLUHG WUDQVPLVVLRQ UDWH DQG GLVWDQFH 7KHUHIRUH LW PLJKW PDNH VHQVH WR WDNH LQWR DFFRXQW WKH
VSHFWUDOHIILFLHQF\RIWUDQVPLVVLRQZLWKDQenergy-efficiency per GHz PHWULFDVSURSRVHGLQ>@
6WDQGDUGV²3XWWLQJXQXVHGQHWZRUNGHYLFHV LQWR VOHHSPRGH LV RQHZD\ WR VDYHSRZHU+RZHYHU
FXUUHQW,QWHUQHWSURWRFROVRSHUDWHEDVHGRQWKHDVVXPSWLRQWKDWQHWZRUNHOHPHQWVDUHDOZD\VRQ7KH
DSSOLFDWLRQVDQGVHUYLFHVUHLQLWLDOL]DWLRQVZKHQWKHVHGHYLFHVZDNHXSDJDLQZRXOGSRWHQWLDOO\UHVXOW
LQDQRQQHJOLJLEOHDPRXQWRIVLJQDOLQJRYHUKHDG>@0RGLILFDWLRQVWRWKHFRQWUROSODQHFRQVLGHULQJ
OLQNVRUQRGHVUHPRYDOVKRXOGSURYLGHWKHDELOLW\WRFKRRVHWKHOHYHORIUHGXQGDQF\DYDLODEOHDIWHUWKH
QHWZRUN WRSRORJ\ KDV EHHQ WULPPHG 7KH FRPSOHWH UHPRYDO RI QRGHV RU OLQNV IURP WKH QHWZRUN
WRSRORJ\KDV VHYHUDO LPSDFWVRQ WKH FRQWURO SODQHZKLFKPXVWEH FRQVLGHUHG >@)RU H[DPSOH LW LV
HVVHQWLDOWRPRGLI\WKHQHWZRUNWRSRORJ\VRWKDWWKHUHPRYHGOLQNVRUGHYLFHVDUHQRWXVHGWRIRUZDUG
WUDIILFUHPHPEHULQJWKDWVXFKOLQNVH[LVWSRVVLEO\LQFOXGLQJWKHQHLJKERUVDQGGHVWLQDWLRQVUHDFKDEOH
WKURXJKWKRVHOLQNVRUGHYLFHV2QHVROXWLRQWRWKLVVOHHSPRGHSUREOHPFRXOGEHEDVHGRQWKHXVHRID
SUR[\>@%HIRUHJRLQJLQWRVOHHSDQRGHGHOHJDWHVLWVIXQFWLRQDOLWLHVWRVXFKDSUR[\ZKLFKZLOOWKHQ
UHVSRQGWRURXWLQHQHWZRUN WUDIILFRQEHKDOIRI WKHVOHHSLQJQRGHDQG LWZLOOZDNH WKHQRGHXSZKHQ
QHHGHG7KHSURWRFROVDQGSURFHGXUHVIRUSUR[\RSHUDWLRQVXFKDVGLVFRYHU\VHOHFWLRQGHOHJDWLRQDQG
ZDNHXSKDYHWREHGHILQHG$QRWKHUH[DPSOHZRXOGEHWRUHTXLUHWKDWQRGHVFDQQHJRWLDWHWLPHRXWVLQ
SURWRFROVWKDWPDNHXVHRIWLPHRXWVVRWKDWDQRGHPLJKWEHDEOHWRJRLQWRVOHHSPRGHRUWRDWWHPSW
WR V\QFKURQL]H SHULRGLF PHVVDJHV DFURVV DQXPEHURISURWRFROV7KXV DOO WKHVH PHVVDJHV IDOO LQWR D
FHUWDLQWLPHIUDPHDQGLQEHWZHHQWKHQRGHFDQVOHHS7KHLVVXHVGHVFULEHGDERYHFDQDOVREHDGGUHVVHG
E\GHVLJQLQJVOHHSFRPSDWLEOHSURWRFROVRUE\H[WHQGLQJH[LVWLQJSURWRFROVZKHUHSRVVLEOHWRLQFOXGH
WKH DELOLW\ WR GLVWLQJXLVK VOHHSLQJ HOHPHQWV IURP IDLOHG RQHV 6RPH H[WHQVLRQV UHTXLUHG LQ H[LVWLQJ
*HQHUDOL]HG 0XOWL3URWRFRO /DEHO 6ZLWFKLQJ *03/6 2SHQ 6KRUWHVW 3DWK )LUVW 263) URXWLQJ
SURWRFRO5HVRXUFH5HVHU9DWLRQ3URWRFRO 5693VLJQDOLQJSURWRFRODQG/LQN0DQDJHPHQW3URWRFRO
/03DUHSURSRVHGLQ>@WRVXSSRUWHQHUJ\HIILFLHQWWUDIILFHQJLQHHULQJWHFKQRORJ\
 &RQFOXVLRQ
%RWK HQHUJ\HIILFLHQF\ DQG UHVLOLHQF\ LQ WHOHFRPPXQLFDWLRQVQHWZRUNV DUH ZHOO HVWDEOLVKHG WRSLFV LQ
WKH UHVHDUFK FRPPXQLW\ +RZHYHU WKH FRPELQDWLRQ RI ERWK IRU HQHUJ\HIILFLHQW UHVLOLHQW RSWLFDO
QHWZRUN GHVLJQ LV VWLOO D UHODWLYHO\ QHZ UHVHDUFK ILHOG ,Q WKLV SDSHU ZH LGHQWLI\ WKH FRUUHVSRQGLQJ
PDMRUUHVHDUFKFKDOOHQJHVDQGSHUIRUPDQFH WUDGHRIIV IRUFRUHQHWZRUNVIURPWKUHHGLIIHUHQWDVSHFWV
ORQJWHUPWUDIILFSUHGLFWLRQVLQFOXGLQJQHWZRUNDUFKLWHFWXUHHPERGLHGHQHUJ\UHVLOLHQF\DWGLIIHUHQW
OD\HUV DQG WRSRORJLHV VKRUWWHUP WUDIILF G\QDPLFV LQFOXGLQJ QRYHO HTXLSPHQW IHDWXUHV WUDGHRIIV LQ
G\QDPLFDGDSWLRQWR WHPSRUDOYDULDWLRQRI WUDIILFJHRJUDSKLFDO WUDIILFGLVWULEXWLRQDQGJUDQXODULW\RI
WUDIILF GHPDQGV DQG 6/$ UHTXLUHPHQWV LQFOXGLQJ SK\VLFDO LPSDLUPHQWV 'LIIHUHQWLDWHG 4R3
(21%97 QHWZRUN YLUWXDOL]DWLRQ DQG GDWD SUHHPSWLRQ $OO WKHVH IDFWRUV QHHG WR EH FRQVLGHUHG DV
WKH\ LQIOXHQFH QRW RQO\ WKH GHVLJQ DQG WKH FKRLFH RI UHVLOLHQF\ PHFKDQLVPV EXW DOVR WKH HQHUJ\
HIILFLHQF\SHUIRUPDQFH
1HZ PHWULFV QHHG WR EH XVHG IRU HQHUJ\HIILFLHQF\ UHVLOLHQF\ HYDOXDWLRQ E\ HLWKHU FRQVLGHULQJ WKH
HQHUJ\HIILFLHQF\ZLWKDSURWHFWLRQIDFWRURUWKHXWLOL]HGRSWLFDOVSHFWUXP)URPVWDQGDUGLVDWLRQSRLQW
RI YLHZ H[LVWLQJ SURWRFROV QHHG WR EH H[WHQGHG IRU HQHUJ\HIILFLHQW UHVLOLHQW RSWLFDO QHWZRUNV XVLQJ
VOHHSPRGHGHYLFHV
 $FNQRZOHGJPHQWV
7KH UHVHDUFK OHDGLQJ WR WKHVH UHVXOWV KDV UHFHLYHG IXQGLQJ IURP WKH (XURSHDQ 8QLRQ 6HYHQWK
)UDPHZRUN 3URJUDPPH )3 XQGHU JUDQW DJUHHPHQW Q  1HWZRUN RI ([FHOOHQFH
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